Myocardial infarction (MI) may induce severe alterations of the cardiac contractile function that may, in turn, lead to heart failure (HF). The ubiquitin-proteasome system (UPS) plays a critical role in cardiac remodeling following MI. Angiotensin II type 1 receptor (AT1R) blockers effectively prevent left ventricular (LV) remodeling. However, it has not been elucidated whether the preventive effect of AT1R-blockers on LV remodeling is mediated through the UPS pathway. In the present study, with the use of cardiac morphometric parameters, haemodynamic measurements and enzyme-linked immunosorbent assay, we demonstrated that post-ischemic HF rats exhibited a significant increase in ventricular remodeling and irbesartan was effective in reversing cardiac remodeling. The expression of TNF-α, ubiquitin protein and 20S proteasome were significantly increased in the MI control group and irbesartan was shown to dose-dependently inhibit the expression of TNF-α, ubiquitin protein and 20S proteasome. In conclusion, it was hypothesized that UPS signaling is involved in ventricular remodeling following MI and the mechanism underlying the effect of irbesartan on ventricular remodeling may be associated with the downregulation of the expression of TNF-α, ubiquitin protein and 20S proteasome.
Introduction
Myocardial infarction (MI) may induce severe alterations of the cardiac contractile function that may, in turn, lead to heart failure (HF). Patients with HF exhibit progressive left ventricular (LV) dilation, ventricular remodeling and systolic dysfunction (1, 2) . Ventricular remodeling, the main pathological process underlying chronic heart failure (CHF), is one of the determinants affecting morbidity and mortality. Therefore, the inhibition of ventricular remodeling is crucial in the prevention of HF. The ubiquitin-proteasome system (UPS) signaling pathway plays a critical role in the modulation of the development of cardiac remodeling. An increasing number of data indicate that the UPS is suppressed in CHF (3) . The complexity of cardiac proteasomes provides dynamic regulatory venues for proteasome function (4) . Detailed knowledge regarding proteasome dynamics in cardiac disease phenotypes is essential for the development of therapeutic strategies (4) . Previous studies demonstrated an effective reduction of LV hypertrophy via the inhibition of proteasome function and proteasome inhibitors were used to prevent or even induce a regression of LV hypertrophy in animal models (5, 6) .
The renin-angiotensin-aldosterone system is involved in the pathogenesis and progression of numerous cardiovascular and renal pathological conditions, including structural cardiac remodeling, MI, HF, hypertension and chronic kidney disease (7) . Accumulating evidence indicates that angiotensin II is crucial in the transition from compensated to decompensated cardiac hypertrophy or failure (8, 9) . Experimental studies also demonstrated that the inhibition of the renin-angiotensin system (RAS) with angiotensin II type 1 receptor (AT1R)-blockers improves cardiovascular function and remodeling and exerts beneficial effects on survival in post-ischemic HF rats (10, 11) . Therefore, the aim of this study was to investigate whether the UPS signaling pathway is associated with the inhibition of cardiac remodeling induced by irbesartan.
Materials and methods

Animals.
A total of 93 male Sprague-Dawley rats, weighing 200-250 g, were purchased from the Animal Center of Bengbu Medical College (Anhui, China). The rats were fed normal chow, had free access to water and were housed at a constant temperature of 21±1˚C with a fixed 12-h light̸dark cycle. The rats were anesthetized with an intraperitoneal injection of 3.5% chloral hydrate sodium (1 ml/100 g) and were then intubated
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and ventilated with a rodent respirator. A thoracotomy was performed at the fourth or fifth intercostal space in order to expose the heart. A 5-0 suture was placed under the left descending coronary artery and its circumflex branch and the suture ends were threaded through polyethylene tubes to form snares for reversible coronary artery occlusion. Perpetual ligation of the left anterior descending artery was performed and paleness of the anterior wall of the left ventricle indicated a successful model. The mortality rate within 24 h following this procedure was ~46%. Complete data regarding the infarct size were obtained from 46 rats (the rats that died and those with an infarct size occupying <35 or >55% of the heart were excluded). The surviving rats were randomly divided into five groups: the placebo (control) group (n=12), the Ir5 group (n=10, 5 mg̸kg̸day irbesartan), the Ir25 group, (n=10, 25 mg̸kg̸day irbesartan), the Ir50 group (n=10, 50 mg̸kg̸day irbesartan) and the sham-operated group (n=8). Except the sham-operated group, there was no difference in MI size and heart rate (HR) among the four remaining groups. Irbesartan was obtained from Hangzhou Sanofi Minsheng Pharmaceutical Co., Ltd. (Hangzhou, China). The sham-operated control animals underwent the same procedure, without coronary artery ligation. After the experiment, the rats were housed in polyethylene cages (3-4 rats/cage), fed standard laboratory chow and had free access to tap water, starting 24 h after the ligation and for a total of 6 weeks. At the end of this study, 24 h after the last treatment, the rats were anesthetized with an intraperitoneal injection of 0.4 g̸kg chloral hydrate and deep anesthesia was maintained with intermittent intraperitoneal injections of 0.016 g̸kg chloral hydrate. A tracheotomy and endotracheal intubation were performed with a cannula connected to an animal respirator. The rats were ventilated with O 2 -enriched air at 70 breaths̸min and maintained the tidal volume at 1.0 ml̸100 mg body weight (BW). The body temperature was sustained at 37˚C using a heating lamp. The haemodynamic parameters were measured continuously by intubation of the left common carotid artery, using the MedLab biological signal collecting and processing system (Nanjing Medease Science and Technology Co., Ltd., Nanjing, China). The standard electrocardiogram was also recorded continuously.
The hearts were arrested in diastole by intraperitoneal injection of ~2-3 ml KCl and were removed from the animals, cleaned, dried on filter paper and weighed. Subsequently, the ventricles were separated and also weighed.
All the procedures were approved by the Ethics Committee for the use of experimental animals in Bengbu Medical College.
Determination of total cardiac collagen. Mallory's trichrome staining method was used to measure total collagen deposition in post-MI hearts with and without treatment. A total of 8 non-vascular areas were randomly selected in each slide under a microscope. The average was determined by a computer image analysis system.
TNF-α, 20S proteasome and ubiquitin protein plasma
concentrations. TNF-α, 20S proteasome and ubiquitin protein detection was performed with the enzyme linked immunosorbent assay (ELISA) kit (Shanghai Yu Bo Biological Technology Co., Ltd., Shanghai, China), according to the manufacturer's instructions. The minimum level for detection was 2 ng/l and the concentration of TNF-α, 20S proteasome and ubiquitin protein were calculated based on the standard curve.
Statistical analysis. Data are presented as means ± standard error of the mean. The differences between the values obtained at 6 weeks were evaluated using analysis of variance (ANOVA), followed by Dunnett's or Kruskal-Wallis test. P<0.05 was considered to indicate a statistically significant difference.
Results
Haemodynamic measurements. The haemodynamic parameters were measured in the anaesthetized animals 6 weeks following MI (Table I) . Compared to the sham-operated group, the MI groups exhibited reduced values of left ventricular systolic pressure (LVSP), maximum rate of left ventricular pressure rise (dP̸dt max ) and maximum rate of left ventricular pressure decrease (dP̸dt min ), accompanied by increased values of HR and left ventricular end-diastolic pressure (LVEDP). The MI rats receiving irbesartan exhibited dose-dependently elevated values of LVSP, dP̸dt max and dP̸dt min compared to the control group. In addition, HR and LVEDP were dose-dependently decreased in the MI-Ir groups compared to the MI control group. Cardiac morphometric parameters. Although BW did not differ between sham-operated and MI rats at the end of the treatment period, it was mildly reduced following treatment with irbesartan (Table II) , despite similar food consumption among the five groups. Whereas in MI the heart weight (HW) and the HW/BW ratio were significantly increased, treatment with irbesartan significantly and dose-dependently reduced HW and HW/BW. Collagen density (CD) was found to be significantly increased in the infarcted myocardium and treatment with irbesartan dose-dependently reduced the collagen content.
Myocardial concentration of TNF-α.
A TNF-α concentration of 313±32 pg̸mg was detected in the left ventricle of sham-operated rats (Fig. 1 Ubiquitin protein concentration. Bar charts illustrating ubiquitin concentration in the sham, MI-control, MI-Ir5, MI-Ir25 and MI-Ir50 groups are presented in Fig. 2 . In the sham group, the concentration of ubiquitin was significantly lower compared to that in the MI-control, MI-Ir5 and MI-Ir25 groups (P<0.05). By contrast, no differences were observed between the MI-control and MI-Ir5 groups, or between the sham and MI-Ir50 groups.
20S proteasome activity. Bar charts illustrating 20S proteasome activity in the sham, MI-control, MI-Ir5, MI-Ir25 and MI-Ir50 groups are presented in Fig. 3 . In the sham group, the 20S proteasome activity was significantly lower compared to 
P<0.05 a vs. sham and b vs. MI-control. Sham, sham-operated group (n=8); MI-control, untreated infarcted rats (n=12); MI-Ir5, -Ir25 and -Ir50, infarcted rats treated with irbesartan 5, 25 and 50 mg/kg/day (n=10, 10 and 10, respectively). Data are expressed as means ± standard error of the mean. MI, myocardial infarction; BW, body weight; HW, heart weight; CD, collagen density. that in the MI-control, MI-Ir5 and MI-Ir25 groups (P<0.05). By contrast, no differences were observed between the MI-control and MI-Ir5 groups, or between the sham and MI-Ir50 groups.
Discussion
A major finding in the present study was the fact that the AT1R antagonist irbesartan strongly and dose-dependently improved the morphometric parameters and the haemodynamic status of the animals in the post-infarction rat model of CHF. Irbesartan was shown to prevent post-infarction ventricular remodeling through the inhibition of ubiquitin protein expression and 20S proteasome activity and to decrease TNF-α generation. MI Sprague-Dawley rats were orally treated with irbesartan for 6 weeks (5, 25 or 50 mg/kg/day). Subsequently, morphology and cardiac haemodynamics were assessed. From the morphological and cardiac haemodynamic point of view, the post-infarction CHF rat model was characterized by an important cardiac remodeling process including the HW̸BW ratio and CD. Compared to the sham-operated group, the HW̸BW ratio, CD and LVEDP were significantly increased in the MI control group, whereas LVSP and LV contractility (dP/dt) were significantly reduced. These pathophysiological alterations in the cardiac structure and function were shown to be intimately associated with increased morbidity and mortality (1, 2) .
An increased tissue RAS activity is likely to play a key role in the development of cardiac hypertrophy, remodeling and hypertension. The RAS components, including renin, constitute an autocrine/paracrine system in the myocardium (12) . The inhibition of the renin-angiotensin-aldosterone system is therefore a therapeutic target. Angiotensin-converting enzyme inhibitors block the conversion of angiotensin I to angiotensin II and angiotensin receptor blockers selectively antagonize angiotensin II at the AT1Rs (13) . Irbesartan, a specific AT1R-blocker, was shown to prolong survival in CHF rats (14) by improving LV function and haemodynamics. In addition, irbesartan was shown to interfere with the cardiac remodeling process by preventing hypertrophy and the development of pericoronary fibrosis (10) . Our study demonstrated that irbesartan strongly and dose-dependently reduced the HW̸BW ratio and CD and limited the elevation of LVEDP in MI rats. Furthermore, irbesartan increased dP/dt and cardiac index values. Therefore, treatment with the AT1R-blocker irbesartan attenuated the development of cardiac remodeling. Our observations were also consistent with the results of previous experimental studies, which suggested that AT1R-blockers attenuated myocardial remodeling in diabetic and post-infarcted hearts (15, 16) and demonstrated that irbesartan may significantly attenuate the structural and functional remodeling induced by experimental thyrotoxic cardiomyopathy (17) .
A previous study demonstrated that TNF-α is elevated in patients with acute MI (18) . Moreover, clinical and experimental data verified that the increased expression of TNF-α may expedite the progress of ventricular remodeling and further compromise cardiac function (19) . However, rat cardiac function was shown to improve with TNF-α receptor knockout (20) . Our study demonstrated that, compared to the sham-operated group, TNF-α was significantly increased in the MI control group. It was previously reported that an increase in AT1R density was observed in the peri-infarction and infarction zones of the myocardium following MI in rats (21) . It was also demonstrated that AT1R-blockers were able to reduce soluble TNF-α levels in patients with HF (22, 23) . Our study demonstrated that irbesartan strongly and dose-dependently decreased TNF-α in MI rats.
Protein components of the UPS have also been identified in extracellular fluids, such as blood plasma and cerebrospinal, epididymal and bronchoalveolar fluids (24) . To elucidate whether irbesartan reshapes the LV through the UPS signaling pathway, ubiquitin protein expression and 20S proteasome activity were assessed by ELISA. An increasing number of evidence indicates that patients with unstable angina pectoris (25) and those with CHF (26) exhibit different degrees of activation of the UPS. The present study demonstrated that ubiquitin and the 20S proteasome were functionally active in post-infarction ventricular remodeling. These observations were also consistent with previous experimental results, which reported higher myocardial ubiquitin levels and proteasome activity in type 2 diabetic subjects with MI (27) . We also observed that irbesartan mainly inhibited the activity of UPS, indicating that irbesartan may exert a therapeutic effect on post-infarction ventricular remodeling, partly via the inhibition of ubiquitin expression and 20S proteasome activity. This finding was consistent with those of previous studies, which demonstrated that the inhibition of the proteasome resulted in the prevention of or decrease in pressure-induced hypertrophy in animals (6, 28) . UPS is an important quality control system for myocardial protein and an imbalance in this system may lead to HF (29) . We concluded that an inappropriate increase in proteasome activity and the resulting acceleration of protein degradation may be the main mechanism underlying CHF. Therefore, the UPS pathway is crucial in post-infarction ventricular remodeling.
In conclusion, irbesartan delayed the exacerbation of post-infarction HF in rats through reversing cardiac remodeling. Cardiac UPS plays a critical role in the reversal of post-infarction HF by irbesartan in rats. Our study may provide novel insight into the mechanism underlying the beneficial effect of irbesartan on post-infarction HF. However, the upstream factors in the regulation pathway have yet to be determined. Therefore, the precise mechanism responsible for myocardial remodeling remains to be elucidated.
